
I 

N A S A  TT F - 3 2 2  

ATTENUATION 'OF TOTAL RADIATION 
I N  UPPER LAYER CLOUDS 

by Ye. P. Novosel'tsev 

Ftom Trudy Glavnoy Geoftziccbeskoy Obseruatorii 
inteni A. I. Voyeykova, No. 152,1964 

N AT I 0 N A 1 A E R 0 N A UT I C S A N D S PAC E AD M I N I ST RAT ION WASH NGTON, D. C. 0 APR 1 1 9 6 5  



t 

NASA TT F-322 

ATTENUATION OF TOTAL RADIATION IN U P P E R  LAYER CLOUDS 

Ye. P. Novosel ' tsev 

T r a n s l a t i o n  of "Oslableniye s u m m a  rnoy radiatsii 
oblakami  verkhnego y a r u s a .  1 1  

T r u d y  Glavnoy Geofizicheskoy Observa tor i i  i m e n i  A. I. Voyeykova, 
NO. 152, pp. 90-95, 1964. 

NATIONAL AERONAUT ICs AND SPACE ADMlN ISTR AT ION 

For sale by the Clearinghouse for Federal Scientific and Technical Information 
Springfield, Virginia 22151 - Price $1.00 



ATTENUATION OF TOTAL RADIATION I N  UPPER LAYER CLOUDS 

Y e .  P. Novosel'tsev 

ABSTRACT 

The a r t i c l e  considers t he  a t tenuat ion  of t o t a l  rad ia-  
t i o n  of i c e  clouds i n  the  upper layers  f o r  d i f f e r e n t  t u r -  
b i d i t i e s  of t h e  atmosphere below the  clouds, and f o r  
d i f f e r e n t  values of t he  albedo of t h e  base surface.  The 
instantaneous and 24-hour average a t tenuat ion  coe f f i c i en t s  
a r e  determined f o r  t he  at tenuat ion of t o t a l  r ad ia t ion  pro- 
duced by the  clouds of t he  upper l aye r .  

Un t i l  now t h e  question concerning t h e  transmission coe f f i c i en t  of t o t a l  
r ad ia t ion  produced by i c e  clouds of t h e  upper l aye r  has not been subjected t o  
t h e o r e t i c a l  considerat ions.  
no experimental d a t a  on a whole s e r i e s  of o p t i c a l  cha rac t e r i s t i c s ,  which are 
necessary f o r  t h e  t h e o r e t i c a l  so lu t ion  of t h i s  problem. Such c h a r a c t e r i s t i c s  
include t h e  s c a t t e r i n g  ind ica t r ix ,  a t tenuat ion coe f f i c i en t ,  l i q u i d  water con- 
t e n t  of clouds, e t c .  

Apparently t h i s  i s  due t o  the  f a c t  t h a t  t he re  a r e  

However, it i s  poss ib le  t o  solve t h e  problem without u t i l i z i n g  these  
q u a n t i t i e s .  

According t o  t h e  r e s u l t s  ( r e f .  l), the  magnitude of t o t a l  r ad ia t ion  a t  t h e  
surface of t h e  e a r t h  may be represented i n  t h e  form 

where F 3 [ El '( C i s  the  transmission coe f f i c i en t  of t o t a l  



t 
rad ia t ion  of t h e  atmosphere below the  clouds; So i s  t h e  s o l a r  constant;  h a i s  

;ac  i s  the  magnitude of t h e  a l t i t u d e  of t he  sun above t h e  horizon; mg- sinha 

t h e  albedo of t he  system cons is t ing  of t he  atmosphere below the  clouds and t h e  

ear th ;  T i s  t h e  op t i ca l  thickness  of clouds; p = ( 2 r ~ -  m a  p)e-oT*; 0 

function of t he  sca t t e r ing  i n d i c a t r i x  which character izes  the  port ion of d i r e c t  
rad ia t ion  sca t t e red  i n t o  t h e  upper hemisphere; rD i s  a l s o  a funct ion of t he  

sca t t e r ing  i n d i c a t r i x  which determines the  port ion of d i f fus ion  r ad ia t ion  sca t -  
t e r e d  i n t o  t h e  upper hemisphere ( r e f .  2 ) ,  and E i (x )  i s  an i n t e g r a l  exponential  
function. 

method suggested i n  r e f s .  3, 4, and 5, 

1 

* i s  some 0 

Coeff ic ients  c and a, may be computed qu i t e  r e l i a b l y ,  using the  

4 f f m *  91 , a , = s -  1 + f m *  * m* (1 -t fm*) C =  

where Q1 i s  t h e  magnitude of t h e  t o t a l  r ad ia t ion  a t  t he  lower boundary of t h e  

clouds, and a* i s  t h e  average secant of t he  angle which determines t h e  d i r ec t ion  
of d i s t r i b u t i o n  of t h e  center  of g rav i ty  of t h e  descending r ad ia t ion  a t  t h e  
l e v e l  of the  lower boundary of t h e  clouds. According t o  t h e  da t a  i n  reference 

1, rn*=(rng - 2 ) e 3 0 ' *  + 2 ,  f i s  a coef f ic ien t  which charac te r izes  t h e  t ranspar -  

ency of the atmosphere below t h e  clouds ( r e f .  5 ) ,  and aSwface i s  t h e  albedo of 

t h e  base surface.  

To  compute coe f f i c i en t s  rD and So, it i s  necessary t o  know the  s c a t t e r i n g  

of t h e  'ice p a r t i c l e s .  

It turns  out t h a t  t he  i n d i c a t r i x  f o r  t h e  s c a t t e r i n g  of r ad ia t ion  by cloud 
p a r t i c l e s  may be determined, approximately, by proceeding from simple consid- 
e r a t  ions.  

A s  we know, the  clouds of t h e  upper l aye r  cons i s t  of small c r y s t a l s  which 
can un i t e  and form nodules cons is t ing  of a l a rge  number of needles and p l a t e s .  
Due t o  mult iple  r e f l e c t i o n  from t h e  boundaries of such formations, these  
nodules will s c a t t e r  r ad ia t ion  by d i f fus ion .  I n  addi t ion,  t h e  i c e  c r y s t a l s  
a r e  ingrained with a i r ,  due t o  which t h e i r  s c a t t e r i n g  power i s  q u i t e  high. 

I n  view of what we have sa id  above, we may consider t he  clouds of t h e  
upper layer ,  i n  t h e  f i r s t  approximation, as a medium cons is t ing  of p a r t i c l e s  
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- 
which s c a t t e r  r ad ia t ion  uniformly i n  a l l  d i rec t ions ,  with t h e  exception of a 
very small  angle i n  t h e  d i r ec t ion  of propagation of t h e  incident  r ad ia t ion .  

Any i n d i c a t r i x  for s u f f i c i e n t l y  l a rge  (compared with wavelength) p a r t i c l e s  
may be obtained by t o t a l i n g  the  e f f e c t s  of r e f l ec t ion  and d i f f r a c t i o n .  The 
e r r o r  produced by t h e  f a c t  t h a t  we add i n t e n s i t i e s ,  and not t h e  f i e l d s ,  does 
not exceed severa l  percent .  

For t h i s  reason t h e  s c a t t e r i n g  ind ica t r ix  xl(y), due t o  r e f l ec t ion ,  appar- 

e n t l y  has a form close t o  spher ica l .  The ind ica t r ix  due t o  d i f f r a c t i o n  repre- 
s en t s  a long, narrow "nose." 
concentrated within t h e  l i m i t s  of a small angle. Thus, t he  t o t a l  i n d i c a t r i x  
may be represented i n  t h e  following form: 

I n  t h i s  case a l l  of t h e  d i f f r a c t e d  energy i s  

where p1 and p2 are  the  r e l a t i v e  "weights" of t h e  magnitudes of r e f l e c t e d  and 

d i f f r a c t e d  r ad ia t ion .  A s  we know, f o r  la rge  p a r t i c l e s ,  

P1 =P2 =T'  1 

Thus, 

because for a spher ica l  i n d i c a t r i x  x(y) = 1. 

According t o  reference 2, 

where 7 = arc cos (cos 9 sin h g  + sin 9 cos ha cosy), 
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and 
0 

within a narrow cone, the  quant i t ies  fi a n d r  may be determined immediately: 0 0 
BO=rD = 0.25. 

the  upper cloud layer .  
The l a s t  parameter which must be determined i s  t h e  o p t i c a l  thickness of 

The average magnitude of t h e  thickness of t h e  upper cloud layer  w a s  de- 
termined by us on t h e  bas i s  of averaging da ta  col lected over many years during 
measurement of d i r e c t  solar radiat ion,  which has passed through t h e  upper cloud 
layer  as well as t h a t  which w a s  at tenuated only by t h e  cloudless atmosphere. 

L e t  Il(Q be t h e  average value of t h e  d i r e c t  radiat ion,  when the  a l t i t u d e  

of the  sun i s  hOand when the  sky i s  c l e a r .  Let 12(ho) be t h e  average magni- 

tude of the d i r e c t  rad ia t ion  which has passed through t h e  upper cloud layer ,  
when t h e  a l t i t u d e  of the sun was the  same; l e t  z1 be t h e  average o p t i c a l  th ick-  

ness of the cloudless atmosphere, l2 be the  average o p t i c a l  thickness of t h e  

cloud layer,  and I be t h e  s o l a r  constant.  0 

Then 

from which it follows t h a t  

o r  

I 
T ~ =  - s i n h .  I n 2 .  0 I [  
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By using equation (1) we computed t h e  average values of r 2  f o r  various 

a l t i t u d e s  of t h e  sun. 

However, i s  s t i l l  not t h e  t r u e  op t i ca l  thickness  of t he  cloud l aye r .  ? 2  

The f a c t  i s  t h a t ,  a s  we have already s t a t ed ,  a l l  t h e  d i f f r a c t e d  energy i s  con- 
cent ra ted  in s ide  of a small  s o l i d  angle, and therefore  t h i s  p a r t  of t h e  sca t -  
t e r e d  energy (it cons t i t u t e s  exac t ly  ha l f  of t he  e n t i r e  s ca t t e r ed  r ad ia t ion )  
en te r s  t h e  input aper ture  of t he  actinometer. Consequently, t h e  o p t i c a l  t h i ck -  
ness determined from equation (1) w i l l  be l e s s  than the  t r u e  value by a f a c t o r  

of T * .  

I n  view of t h e  f a c t  t h a t  our problem consis ts  of determining t h e  attenua- 
t i o n  coe f f i c i en t  f o r  t he  upper l aye r  clouds as  a whole, we s h a l l  not separate  
t h e  clouds of t h i s  formation i n t o  types C i ,  C s ,  Cc. Therefore, Table 1 shows 
the  average o p t i c a l  

following equation: 

h; 
* 

7 .  

thickness of clouds C i  and C s  obtained by means of t h e  

TABLE 1 

. .  15 20 25 30 40 50 

. . 1.6 1.35 LOO 0.90 0.63 0.47 

A s  w e  can see from t h e  t ab le ,  t h e  magnitude of t h e  o p t i c a l  thickness  of 
t h e  upper cloud l aye r  has a not iceable  d iurna l  va r i a t ion .  This i s  explained 
by t h e  f a c t  t h a t  as t h e  a l t i t u d e  of t he  sun above t h e  horizon increases  and i s  
accompanied by an increase i n  t h e  f l u x  of so l a r  r ad ia t ion ,  t he  magnitude of t h e  
absorbed energy a l s o  increases ,  s o  t h a t  the clouds are p a r t i a l l y  evaporated. 

Now we have a l l  of t h e  da t a  necessary t o  compute t h e  t o t a l  r ad ia t ion  when 
w e  have an upper cloud l aye r .  

Figure 1 shows t h e  va r i a t ion  i n  t o t a l  r ad ia t ion  i n  t h e  upper cloud l a y e r  
as a func t ion  of t h e  a l t i t u d e  of t h e  sun above t h e  horizon, which we have com- 
puted. The ca lcu la t ions  were made for two s t a t e s  of t h e  atmosphere below t h e  
clouds: 
f = 0.10, and with a low transparency ( f  = 0.15). 
face  w a s  assumed t o  be equal t o  0.2. The same f igu re  shows t h e  curves corre-  
sponding t o  t h e  magnitudes of t o t a l  rad ia t ion  when t h e  atmosphere i s  without 
clouds and f o r  t h e  same values of parameters f (fl = 0.10, f2  = 0.15). 

Figure 2 shows t h e  va r i a t ion  i n  t h e  a t tenuat ion  of t o t a l  r ad ia t ion  by t h e  
clouds of t h e  upper l a y e r  Cupper ( h d  as a funct ion of s o l a r  a l t i t u d e  above t h e  

f o r  an atmosphere with high transparency character ized by the  parameter 
The albedo of t h e  base sur- 
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Figure  1. 
of sun above horizon. For clouds of upper formation: 1, f = 
0.14; 2, f = 0.10; f o r  c l e a r  sky: 3, f = 0.14; 4, f = 0.10. 

Magnitude of t o t a l  r a d i a t i o n  f o r  d i f f e r e n t  a l t i t u d e s  

Figure 2.  Var ia t ion  i n  a t t enua t ion  
coe f f i c i en t  Cupper as func t ion  of a l -  

t i t u d e  of sun above horizon. 1, a, = 

0.65; 2, a, = 0.20. 
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9 
horizon. By examining t h e  f igu re ,  we can see t h a t  t h e  magnitude of t h e  coef f i -  
c i en t  Cupper (h 0 ) depends subs t an t i a l ly  upon the a l t i t u d e  of t he  sun. The r e l a -  

t i onsh ip  obtained co r re l a t e s  s u f f i c i e n t l y  w i t h  experimental da ta .  The sharp 
va r i a t ion  i n  Cupper as a funct ion of so l a r  a l t i t u d e  makes it d i f f i c u l t  t o  use 

t h i s  coef f ic ien t  f o r  t he  so lu t ion  of a se r i e s  of meteorological problems, par- 
t i c u l a r l y  s ince  i n  t h e  so lu t ion  of many problems we cannot use t h e  instantaneous 
value, but must have a value averaged over a period of one day, t e n  days, one 
month, e t c .  

I n  connection with t h i s  w e  computed the  d iu rna l  a t tenuat ion  coe f f i c i en t s  
- 
Cupper. This quant i ty  i s  obtained from t h e  following equation: 

where 

t o t a l  
t o t a l  

Z1 i s  t h e  d iu rna l  sum of t h e  t o t a l  r ad ia t ion  f o r  a c l e a r  sky, Z 2  i s  t h e  

d iu rna l  r ad ia t ion  when we have an upper cloud l aye r .  The d iu rna l  sums of 
r ad ia t ion  f o r  a c l e a r  sky may be obtained qu i t e  simply ( r e f s .  5 and 6) .  

It i s  d i f f i c u l t  t o  obtain an ana ly t ic  expression f o r  t h e  d iu rna l  sum of 
the  t o t a l  r ad ia t ion  when we have clouds i n  the  upper l aye r ,  because it i s  neces- 
s a ry  t o  in t eg ra t e  expression (1) over the  time from sunr i se  t o  sunset .  
fo re ,  we ca r r i ed  out numerical i n t eg ra t ion  i n  t h e  manner described. 
dayl ight  per iod was broken down i n t o  hourly in t e rva l s ,  and f o r  each i n t e r v a l  
t h e  average a l t i t u d e  of t h e  sun was determined. 
by using f igu re  1, the  corresponding value of t h e  t o t a l  r ad ia t ion  w a s  determined. 
By mult iplying t h i s  quant i ty  by 60, we obtained the  hourly sums. A s  a r e s u l t  
of t h e  summation of a l l  hourly sums from sunrise  t o  sunset ,  we determined t h e  
d iu rna l  sums of t h e  t o t a l  r ad ia t ion .  

There- 
The 

From t h i s  a l t i t u d e  of t h e  sun, 

The average d iu rna l  coef f ic ien ts  C wer computed by us f o r  a l l  months and 
f o r  var ious l a t i t u d e s  (from 30-70'). 
C have a s u b s t a n t i a l  annual va r i a t ion  and depend not iceably on the  l a t i t u d e  of 
t h e  loca t ion .  These r e l a t ionsh ips  a re  shown i n  f igu res  3 and 4. 
t h e r e  i s  a not iceable  va r i a t ion  i n  the  magnitude of as a funct ion of t h e  t i m e  
of year and the  l a t i t u d e  of t h e  loca t ion ,  t h e  u t i l i z a t i o n  of t h i s  coe f f i c i en t  
f o r  t he  l a r g e  number of meteorological problems i s  subs t an t i a l ly  more conven- 
i e n t  than t h e  u t i l i z a t i o n  of coef f ic ien t  C ( h d ,  because t h i s  coe f f i c i en t  va r i e s  

over a smaller range. Indeed, f o r  each l a t i t u d e  we may s e l e c t  two t o  t h r e e  
seasons during which t h e  va r i a t ion  i n  cmay be neglected.  
v a r i a t i o n  i n  t h e  a t tenuat ion  coef f ic ien t  as  a funct ion of these  f ac to r s ,  w e  
must a l s o  consider i t s  va r i a t ion  with the albedo of t h e  base surface.  

As  was t o  be expected, these  coe f f i c i en t s  - 
Although 

I n  addi t ion t o  t h e  
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Figure 3. Annual va r i a t ion  i n  average 
d iu rna l  a t tenuat ion  coe f f i c i en t .  

I I I I 

40 50 60 'O c" 
Figure 4.  
l a t i t u d e  (June) .  

Variat ion i n  a t tenuat ion  coe f f i c i en t  with 
1, f = 0.14; 2, f = 0.10. 

As  i l l u s t r a t i o n ,  f i gu re  2 shows t h e  d iu rna l  va r i a t ion  of t he  a t tenuat ion  
coef f ic ien t  f o r  two values of t h e  albedo of t h e  base surface a, = 0.2 and 

ae = 0.65 (ae = aearth). 

t h e  at tenuat ion f o r  a, = 0.65 i s  s u b s t a n t i a l l y  l e s s  than f o r  a, = 0.20. 

average d iurna l  a t tenuat ion  coe f f i c i en t  I? as a funct ion of t h e  magnitude of 
t h e  albedo of t h e  base surface.  

We can see t h a t  when a l l  o ther  conditions a r e  equal, 

A similar conclusion should be made concerning t h e  va r i a t ion  i n  t h e  
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